Attorney Docket No. 36856.1181 
LADDER FILTER, BRANCHING FILTER, AND COMMUNICATION APPARATUS 
BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to ladder filters and branching filters used, 
particularly for communication apparatuses, such as portable telephones, and to 
communication apparatuses. 

2. Description of the Related Art 

In recent years, remarkable technological progress has been made in reducing 
the size and weight of communication apparatuses, such as portable telephones. In 
order to achieve such technological progress, development of composite components 
having a plurality of functions, as well as reduction and miniaturization of each 
component, has been achieved. In particular, improved performance of surface 
acoustic wave filters is required. 

Ladder-type surface acoustic wave filters including surface acoustic wave 
resonators alternately disposed on a series arm and a parallel arm are one of such 
surface acoustic wave filters. 

As shown in Fig. 23, a well-known ladder-type surface acoustic wave filter 100 
includes two series resonators S1 1 1 and S1 12 and three parallel resonators P1 1 1 , 
P1 12, and P1 13. Also, in the ladder-type surface acoustic wave filter 100, the anti- 
resonant frequency fpa100 of the parallel resonators P1 1 1 , P1 12, and P1 13 is set so as 
to be substantially equal to the resonant frequency fsr100 of the series resonators S1 1 1 
and S1 1 2. Since conditions for setting the anti-resonant frequency fpal 00 of the 
parallel resonators P1 1 1 , P1 1 2, and P1 1 3 and the resonant frequency fsr1 00 of the 
series resonators S1 1 1 and S1 12 are limited in the ladder-type surface acoustic wave 
filter 100, there is a problem in that it is difficult to increase the pass band width. 
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Other examples of ladder-type surface acoustic wave filters are disclosed in 
Patent Document 1: Japanese Unexamined Patent Application Publication No. 10- 
126212, Patent Document 2: Japanese Unexamined Patent Application Publication No. 
10-303698, and Patent Document 3: Japanese Unexamined Patent Application 
Publication No. 9-167937. 

According to a ladder-type surface acoustic wave filter disclosed in Patent 
Document 1, the ladder-type surface acoustic wave filter 100 is arranged such that the 
resonant frequency fsr100 of series resonators and the anti-resonant frequency fpa100 
of parallel resonators are set so as to satisfy the condition fsr100 > fpa100. This 
arrangement increases the frequency interval between the series resonators and the 
parallel resonators. Thus, the pass band width of the ladder-type surface acoustic wave 
filter is increased. 

With the arrangement of Patent Document 1 , however, the frequency interval 
between the series resonators and the parallel resonators is increased, a ripple is 
generated in the pass band and the voltage standing wave ratio (VSWR) is increased. 
This limits the increase of the band width. 

According to a ladder-type surface acoustic wave filter disclosed in Patent 
Document 2, the ladder-type surface acoustic wave filter 100 is arranged such that the 
resonant frequency of one series resonator is different from the resonant frequency of 
the other series resonator. Thus, the power resistance in the ladder-type surface 
acoustic wave filter is improved. 

With the arrangement of Patent Document 2, however, the combined resonant 
frequency when the impedances of the two series resonators are combined must be 
substantially equal to the anti-resonant frequency of parallel resonators. This 
arrangement provides a pass band width between the resonant frequency of the parallel 
resonators and the lower one of the anti-resonant frequencies of the two series 
resonators. With this arrangement, the band width is reduced in accordance with an 
increase in the frequency interval between the resonant frequencies of the two series 
resonators. 
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As shown in Fig. 24, a ladder-type surface acoustic wave filter 200 disclosed in 
Patent Document 3 includes three series resonators S21 1 , S212, and S213 and two 
parallel resonators P21 1 and P212. In the ladder-type surface acoustic wave filter 200, 
the resonant frequency of the series resonators S21 1 , S21 2, and S21 3 is set so as to 
be substantially equal to the anti-resonant frequency of the parallel resonators P21 1 
and P212. An inductor L21 1 is added in parallel to the series resonator S21 3. The anti- 
resonant frequency of the series resonator S213 is shifted towards higher frequencies 
due to the inductor L21 1 , which increases the attenuation at frequencies higher than the 
pass band of the ladder-type surface acoustic wave filter. 

With the arrangement of Patent Document 3, however, the band width of the 
ladder-type surface acoustic wave filter cannot be increased. 

As described above, due to the various problems with conventional ladder-type 
surface acoustic wave filters, it is difficult to increase the pass band width of the ladder- 
type surface acoustic wave filters with the known arrangements. 

The problems described above are also produced in a ladder filter including 
piezoelectric thin-film resonators including a silicon (Si) substrate and a vibrating portion. 
The Si substrate is provided with an opening or a recess. The vibrating portion is 
configured such that the top and bottom surfaces of a piezoelectric thin film composed 
of at least one or more layers made of, for example, zinc oxide (ZnO) and aluminum 
nitride (AIN), and arranged above the opening or the recess are sandwiched by at least 
a pair of upper and lower electrodes which face each other. 

SUMMARY OF THE INVENTION 

In order to solve the known problems described above, preferred embodiments 
of the present invention provide a ladder filter with an increased pass band width, a 
branching filter including the ladder filter, and a communication apparatus provided with 
the ladder filter and the branching filter. 

A ladder filter according to a preferred embodiment of the present invention 
includes series arm resonators and parallel arm resonators. The series arm resonators 
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and the parallel arm resonators are alternately connected to each other. Each of the 
series arm resonators is either a first series arm resonator connected in parallel with an 
inductor or a second series arm resonator not connected to an inductor. The 
relationship fsr1 < fsr2 is satisfied, where fsr1 represents the resonant frequency of the 
first series arm resonator and fsr2 represents the resonant frequency of the second 
series arm resonator. 

With the arrangement described above, a difference in the resonant frequencies 
between the first series arm resonator and the second series arm resonator increases 
the interval between the resonant frequency and the anti-resonant frequency. Thus, the 
band width of the ladder filter is increased. Furthermore, the addition of the inductor to 
the first series arm resonator increases the attenuation outside the pass band. Also, 
since the band width is increased by adding only the inductor in parallel to at least one 
of the series arm resonators in the ladder filter, the size of the ladder filter is not 
increased, thus enabling miniaturization and improved performance. 

Also, the ladder filter having the arrangement described above preferably 
satisfies the relationship of fsr1 < fpa < fsr2, where fpa represents the anti-resonant 
frequency of the parallel arm resonators. 

Furthermore, the ladder filter with the arrangement described above preferably 
satisfies the relationship of fpa x 0.995 < (fsr1 + fsr2)/2 < fpa x 1 .01 , where fpa 
represents the anti-resonant frequency of the parallel resonators. 

The ladder filter with the arrangement described above preferably satisfies the 
relationship of fsa2 < fsal', where fsaV represents the anti-resonant frequency of the 
first series arm resonator, the anti-resonant frequency being obtained by shifting due to 
the operation of the inductor, which is connected in parallel with the first series arm 
resonator, and fsa2 represents the anti-resonant frequency of the second series arm 
resonator. 

In the ladder filter with the arrangement described above, the resonant frequency 
of the first series arm resonator is preferably different from the resonant frequency of 
the second series arm resonator. 
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The ladder filter with the arrangement described above preferably further 
includes a package and the inductor connected in parallel is arranged in the package. 
Thus, the size of the apparatus is reduced. 

In the ladder filter having the arrangement described above, the resonator is 
preferably a one-terminal pair surface acoustic wave resonator including a piezoelectric 
substrate and a plurality of interdigital electrodes transducers arranged on the 
piezoelectric substrate. 

In the ladder filter with the arrangement described above, the resonator is 
preferably a piezoelectric thin-film resonator including a substrate provided with an 
opening or a recess and a vibrating portion that is arranged such that the top and 
bottom surfaces of a piezoelectric thin film including at least one layer and arranged 
above the opening or the recess are sandwiched by at least a pair of electrodes. 

A branching filter according to another preferred embodiment of the present 
invention includes any one of the ladder filters described above. 

A communication apparatus according to still another preferred embodiment of 
the present invention is provided with any one of the ladder filters described above or 
the branching filter described above. 

With the arrangement described above which includes a ladder filter with an 
increased pass band width and a large attenuation at frequencies lower than the pass 
band provides a branching filter and a communication apparatus having a large pass 
band width and a large attenuation at frequencies lower than the pass band. 

Where a plurality of first series arm resonators have different resonant 
frequencies from each other, the average resonant frequency or a desired resonant 
frequency near the average is referred to as a resonant frequency fsr1 . This also 
applies to the resonant frequency of second series arm resonators, the anti-resonant 
frequency of the first series arm resonators, and the anti-resonant frequency of the 
second series arm resonators. 

As described above, the ladder filter according to preferred embodiments of the 
present invention includes series arm resonators and parallel arm resonators alternately 
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connected to each other. Each series arm resonator is either a first series arm 
resonator connected in parallel with an inductor or a second series arm resonator not 
connected to an inductor. The relationship of fsr1 < fsr2 is satisfied, where fsr1 
represents the resonant frequency of the first series arm resonator and fsr2 represents 
the resonant frequency of the second series arm resonator. 

With the arrangement described above, the band width is increased and the 
attenuation outside the pass band is increased. Also, since the band width is increased 
by adding only the inductor in parallel to at least one of the series arm resonators in the 
ladder filter, miniaturization and improved performance are achieved. 

According to various preferred embodiments of the present invention, the ladder 
filter, the branching filter including the ladder filter, and the communication apparatus 
including the ladder filter and the branching filter exhibit outstanding out-of-band 
attenuation characteristics near the pass band. In particular, the ladder filter, the 
branching filter, and the communication apparatus have provide a large pass band 
width and exhibit a large attenuation at frequencies lower than the pass band. Thus, 
the transmission characteristics of the communication apparatus are greatly improved, 
such that the communication apparatus is suitably used in the communications field. 

Other features, elements, characteristics and advantages of the present 
invention will become more apparent from the following detailed description of preferred 
embodiments with reference to the attached drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a circuit diagram of a surface acoustic wave filter as a ladder filter 
according to a first preferred embodiment of the present invention; 

Fig. 2 is a plan view of a package provided with the surface acoustic wave filter; 

Fig. 3A is a graph showing a state before impedance synthesis of two series 
resonators in the surface acoustic wave filter; 

Fig. 3B is a graph showing a state after impedance synthesis of the two series 
resonators in the surface acoustic wave filter; 
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Fig. 4 is a graph showing the transmission characteristics of the surface acoustic 
wave filter; 

Fig. 5 is a graph showing the reflection characteristics (VSWR) and the band 
width of the surface acoustic wave filter; 

Fig. 6 is an equivalent circuit diagram showing a state of a series resonator 
connected in parallel with an inductor in the surface acoustic wave filter; 

Fig. 7 is a graph showing the frequency characteristics of the impedance of the 
series resonator in the surface acoustic wave filter; 

Fig. 8 is a graph showing the relationship of the impedances of the series 
resonators and the impedance of parallel resonators; 

Fig. 9 is an equivalent circuit diagram at the anti-resonant frequency of the 
parallel resonators in the surface acoustic wave filter; 

Fig. 10 is a circuit diagram of a ladder-type surface acoustic wave filter according 
to Comparative Examples 1 and 2; 

Fig. 1 1 is a graph showing the transmission characteristics of the ladder-type 
surface acoustic wave filter according to Comparative Example 1 ; 

Fig. 12 is a graph showing the reflection characteristics and the band width of the 
ladder-type surface acoustic wave filter according to Comparative Example 1 ; 

Fig. 13 is a graph showing the transmission characteristics of the ladder-type 
surface acoustic wave filter according to Comparative Example 2; 

Fig. 14 is a graph showing the reflection characteristics and the band width of the 
ladder-type surface acoustic wave filter according to Comparative Example 2; 

Fig. 15A shows states before and after impedance synthesis in a ladder-type 
surface acoustic wave filter according to a working example; 

Fig. 15B shows states before and after impedance synthesis in a ladder-type 
surface acoustic wave filter according to Comparative Example 3; 

Fig. 15C shows states before and after impedance synthesis in a known ladder- 
type surface acoustic wave filter; 
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Fig. 15D shows states before and after impedance synthesis in the ladder-type 
surface acoustic wave filter according to Comparative Example 2; 

Fig. 16 is a graph showing the transmission characteristics of the surface 
acoustic wave filter according to the working example and the transmission 
characteristics of a ladder-type surface acoustic wave filter according to Comparative 
Example 4; 

Fig. 17A is a cross-sectional view of one of piezoelectric thin-film resonators, 
provided with an opening, used for a ladder filter according to a second preferred 
embodiment of the present invention; 

Fig. 17B is a cross-sectional view of one of piezoelectric thin-film resonators, 
provided with a recess, used for the ladder filter according to the second preferred 
embodiment of the present invention; 

Fig. 18 is a circuit diagram of a ladder filter provided with the piezoelectric thin- 
film resonators according to a preferred embodiment of the present invention; 

. Fig. 19 is a plan view of the ladder filter according to a preferred embodiment of 
the present invention; 

Fig. 20 is a cross-sectional view of the ladder filter taken in the direction of the 
arrows I - 1 of Fig. 19; 

Fig. 21 is a block diagram of a branching filter according to a preferred 
embodiment of the present invention; 

Fig. 22 is a block diagram of a principal portion of a communication apparatus 
including a ladder filter according to a preferred embodiment of the present invention; 

Fig. 23 is a circuit diagram of a known ladder-type surface acoustic wave filter; 

and 

Fig. 24 is a circuit diagram of a ladder-type surface acoustic wave filter according 
to the related art. 
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
First Preferred Embodiment 

A surface acoustic wave filter 1 , which is a ladder filter according to a first 
preferred embodiment, will be described with reference to Figs. 1 to 16. 

Referring to the circuit diagram shown Fig. 1, the ladder-type surface acoustic 
wave filter 1 according to the first preferred embodiment preferably includes two series 
resonators S1 and S2 (first series arm resonator S1 and second series arm resonator 
S2) and three parallel resonators P1, P2, and P3 (parallel arm resonators P1, P2, and 
P3) arranged on a piezoelectric substrate 10 in a ladder configuration. Also, in the 
surface acoustic wave filter 1 , an inductor Lp is provided in parallel to the series 
resonator S1 . Also, in the surface acoustic wave filter 1 , the relationship of fsr1 < fsr2 is 
satisfied, where fsr1 represents the resonant frequency of the series resonator S1 and 
fsr2 represents the resonant frequency of the series resonator S2. To set the resonant 
frequency of the series resonator S1 to be different from the resonant frequency of the 
series resonator S2, for example, the pitch of the series resonator S1 is preferably 
different from the pitch of the series resonator S2. 

Fig. 2 shows a specific example of the arrangement of the surface acoustic wave 
filter 1 . As shown in Fig. 2, a chip including the series resonators S1 and S2 and the 
parallel resonators P1, P2, and P3 arranged on the piezoelectric substrate 10 is 
mounted in a package PKG. The inductor Lp is provided in the package PKG and is 
connected in parallel with the series resonator S1 via bonding wire. 

The series resonators S1 and S2 are connected to signal terminals T1 and T2, 
respectively, provided in the package PKG. Also, the parallel resonators P1 and P2 are 
connected to a ground terminal T4 provided in the package PKG via bonding wire, and 
the parallel resonator P3 is connected to a ground terminal T3 provided in the package 
PKG via bonding wire. 
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As shown in Fig. 2, each of the series resonators S1 and S2 and the parallel 
resonators P1 , P2, and P3 is a surface acoustic wave resonator including an interdigital 
transducer and reflectors sandwiching the interdigital transducer. 

In general, in ladder-type surface acoustic wave filters, to satisfy matching 
conditions in the pass band, the anti-resonant frequency fpa of parallel resonators is set 
to be substantially equal to the resonant frequency fsr of series resonators. 

In contrast, where the resonant frequency of one resonator is different from the 
resonant frequency of the other resonator, the combined resonance of the two different 
resonant frequencies is generated. Thus, for ladder-type surface acoustic wave filters, 
in which the resonant frequency of one series resonator is different from the resonant 
frequency of the other series resonator, to satisfy the matching conditions in the pass 
band frO is set to be substantially equal to fpa, where frO represents the combined 
resonant frequency of the series resonators. Here, ladder-type surface acoustic wave 
filters provide a band width between the resonant frequency fpr of parallel resonators 
and the anti-resonant frequency fsa of series resonators. 

As shown in Fig. 3A, in the surface acoustic wave filter 1 according to the first 
preferred embodiment, the resonant frequency fsr1 of the series resonator S1 is 
preferably different from the resonant frequency fsr2 of the series resonator S2 so as to 
satisfy the condition fsr1 < fsr2. Moreover, since the inductor Lp is connected in parallel 
with the series resonator S1 , the anti-resonant frequency fsal of the series resonator 
S1 is shifted, as an anti-resonant frequency fsaV, so as to be higher than the anti- 
resonant frequency fsa2 of the series resonator S2. 

In contrast, when the impedances of the series resonators S1 and S2 are 
combined, the combined resonant frequency of the series resonators S1 and S2 is fsrO, 
as shown in Fig. 3B. Also, in the surface acoustic wave filter 1, the combined resonant 
frequency fsrO is set to be substantially equal to the anti-resonant frequency fpa of the 
parallel resonators. 

Thus, the surface acoustic wave filter 1 provides a pass band width between the 
resonant frequency fpr of the parallel resonators and the anti-resonant frequency fsa2 of 
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the series resonator S2, which is not connected to the inductor Lp. Thus, the band 
width is increased. Furthermore, due to the anti-resonant frequency fsal ' of the series 
resonator S1 obtained by shifting the anti-resonant frequency fsal towards higher 
frequencies by addition of the inductor Lp in parallel to the series resonator S1 , the out- 
of-band attenuation at frequencies higher than the pass band is increased. 

A working example in which specific parameters for each of the series resonators 
S1 and S2 and the parallel resonators P1, P2, and P3 in the surface acoustic wave filter 
1 according to the first preferred embodiment are changed will now be described. Table 
1 shows parameters (resonant frequency, the number of pairs and cross width) for 
electrode fingers of the series resonators S1 and S2 and the parallel resonators P1 , P2, 
and P3. 



Table 1 





Resonant Frequency 


Number of Pairs 


Cross Width 


Resonator 


S 1 




90 Pairs 


3 0 fi m 




S 2 




90 Pairs 


3 0 n m 




P 1 


2 0 0 0 MH z 


45 Pairs 


4 2 n m 




P 2 


2 0 0 0 MH z 


90 Pairs 


4 2 n m 




P 3 


2 0 0 OMH z 


45 Pairs 


4 2 ix m 



Table 2 shows the resonant frequency of each of the series resonators S1 and 
S2 and the difference in resonant frequencies between the series resonators S1 and S2. 
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Table 2 



Condition 


Resonant Frequency of SI 


Resonant Frequency of S2 


Frequency Difference 


Comparative 
Example 3 


2 0 5 3 MH z 


2 0 5 3MHz 


0 MH z 


1 


2 0 4 8MHz 


2 0 5 8 MH z 


1 0 MH z 


2 


2 0 4 3 MH z 


2 0 6 3MHz 


2 0 MH z 


3 


2 0 3 8 MH z 


2 0 6 8MHz 


3 0 MH z 


4 


2 0 3 3 MH z 


2 0 7 3MHz 


4 0 MH z 


5 


2 0 2 8 MH z 


2 0 7 8 MH z 


5 0MHz 


6 


2 0 2 3 MH z 


2 0 8 3 MH z 


6 0 MH z 


7 


2 0 18 MH z 


2 0 8 8 MH z 


7 0 MH z 


8 


2 0 1 3 MH z 


2 0 9 3MHz 


8 0 MH z 


9 


2 0 0 8 MH z 


2 0 9 8MHz 


9 0 MH z 


1 0 


2 0 0 3MHz 


2 10 3MHz 


1 0 0 MH z 


1 1 


19 9 8MHz 


2 10 8MHz 


1 1 0 MH z 



In the first preferred embodiment, the inductor Lp having an inductance of, for 
example, about 3.8 nH is preferably added in parallel to the series resonator S1 . Also, 
the frequency of the series resonator S1 , which is connected in parallel with the inductor 
Lp, is preferably set to be lower than the frequency of the series resonator S2, which is 
not connected in parallel with the inductor Lp. The frequency interval between the 
series resonators S1 and S2 is sequentially changed between about 10 MHz and about 
110 MHz, as shown by Conditions 1 to 1 1 of Table 2. In particular, the frequency 
interval between the series resonators S1 and S2 is increased by decreasing the 
frequency of the series resonator S1, which is connected in parallel with the inductor Lp, 
and by increasing the frequency of the series resonator S2, which is not connected in 
parallel with the inductor Lp. Fig. 4 shows the transmission characteristics of the 
surface acoustic wave filter 1 according to the first preferred embodiment. Conditions 2, 
4, 6, and 8 shown in Table 2 are shown in Fig. 4. Fig. 5 shows the reflection 
characteristics (VSWR) and the band width of the surface acoustic wave filter 1 
according to the first preferred embodiment. 
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Fig. 6 is an equivalent circuit diagram of the series resonator S1 connected in 
parallel with the inductor Lp in the surface acoustic wave filter 1 according to the first 
preferred embodiment. The frequency characteristics of the impedance of the series 
resonator S1 , which is connected in parallel with the inductor Lp, is shown by the dotted 
line in Fig. 7. For comparison, the frequency characteristics of the impedance of a 
series resonator which is not connected with the inductor Lp is shown by the solid line in 
Fig. 7. The inductor Lp provided in parallel to the series resonator S1 produces a new 
anti-resonant frequency fsa3, the anti-resonant frequency fsa3 is lower than the 
resonant frequency, and the existing anti-resonant frequency fsal is shifted, and 
denoted the anti-resonant frequency fsal \ Here, the resonant frequency fsr1 is 
constant. 

In contrast, the anti-resonant frequency fsa3 is determined by the electrode 
capacitance of the series resonator S1 and the inductor Lp, which is provided in parallel 
to the series resonator S1 . Here, by setting the anti-resonant frequency fsa3 to be in a 
desired frequency region for attenuation, filter characteristics exhibiting increased 
attenuation are achieved. In particular, since the new anti-resonant frequency fsa3 is 
generated at a frequency lower than the resonant frequency, this arrangement is 
suitable for a surface acoustic wave filter that has an attenuation area at frequencies 
lower than the pass band. 

Also, this resonant circuit exhibits inductive characteristics in a wider frequency 
region (between the resonant frequency fsr1 and the anti-resonant frequency fsal ') as 
compared with a case where the inductor Lp is not provided. Here, an example in 
which the series resonator S1 , which is connected in parallel with the inductor Lp, is 
connected in series with the series resonator S2, which is not connected in parallel with 
the inductor Lp, will be examined, where fsr1 represents the resonant frequency of the 
series resonator S1 and fsr2 represents the resonant frequency of the series resonator 
S2. 

When the condition fsr1 < fsr2 is satisfied, the combined impedance of the series 
resonators S1 and S2 exhibits resonance characteristics that provide the new resonant 
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frequency fsrO between the resonant frequencies fsr1 and fsr2 and provide the two anti- 
resonant frequencies fsaV and fsa2, as shown in Fig. 3B. Since the band width of the 
surface acoustic wave filter 1 is determined by the interval between the resonant 
frequency and the anti-resonant frequency, the band width is greatly increased. Also, 
for example, a further reduction in the resonant frequency fsr1 in order to further 
increase the interval between the resonant frequencies fsr1 and fsr2 reduces the 
combined resonant frequency fsrO, while the resonant frequency fsr2 remains constant. 
Thus, resonance characteristics having an increased band width are achieved. 

The parallel resonators P1 , P2, and P3 in the surface acoustic wave filter 1 will 
now be examined. Here, the condition fsr1 < fpa < fsr2 is satisfied, where fpa 
represents the anti-resonant frequency of the parallel resonators P1 , P2, and P3. Fig. 8 
shows the relationship of the impedances of the series resonators S1 and S2 and the 
parallel resonators P1 , P2, and P3. As shown in Fig. 8, at the anti-resonant frequency 
fpa, the parallel resonators P1 , P2, and P3, the series resonator S1 , and the series 
resonator S2 are open-circuited, as an inductance element and a capacitance element, 
respectively. Thus, the state at the anti-resonant frequency fpa is shown by the 
equivalent circuit in Fig. 9. Since the series resonators S1 and S2 are referred to as an 
inductance element and a capacitance element, respectively, the reactances of the 
series resonators S1 and S2 cancel each other out to form a pass band. 

With this arrangement, the surface acoustic wave filter 1 provides a large pass 
band width between the resonant frequency fpr and the anti-resonant frequency fsa2. 
Also, the attenuation at frequencies higher than the pass band can be increased due to 
the anti-resonant frequency fsal In particular, when the anti-resonant frequency fpa of 
the parallel resonators is exactly equal to the LC resonance of the series resonators S1 
and S2, complete matching of the input-output impedance is achieved. 

When the impedances of the series resonators S1 and S2 are exactly equal to 
each other, the condition (fsr1 + fsr2)/2 = fpa is satisfied. Where complete matching is 
required, the anti-resonant frequency fpa of the parallel resonators P1, P2, and P3 must 
be substantially equal to the LC resonance of the series resonators S1 and S2. 
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However, there is an allowable region in which the interval between the anti-resonant 
frequency fpa of the parallel resonators and the resonant frequency of the series 
resonators is increased to some extent. In particular, a range satisfying the condition 
fpa x 0.995 < (fsr1 + fsr2)/2 < fpa x 1 .01 is allowable and acceptable in view of 
characteristics. 

The present invention will be described further in detail by referring to 
comparative examples of the surface acoustic wave filter. 

Referring to Fig. 10, a ladder-type surface acoustic wave filter 10 according to 
Comparative Examples 1 and 2 includes series resonators S11 and S12 and parallel 
resonators P1 1 , P1 2, and P1 3. Unlike the surface acoustic wave filter 1 according to 
the working example, the surface acoustic wave filter 10 according to Comparative 
Examples 1 and 2 is arranged such that the inductor Lp is not provided in parallel. 
Table 3 shows parameters (resonant frequency, the number of pairs and cross width) 
for electrode fingers in the surface acoustic wave filter 1 0. 
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Table 3 





Resonant Frequency 


Number of Pairs 


Cross Width 


Resonator 


S 1 1 


f s r 


90 Pairs 


16. 5 \x m 


S 1 2 


f s r 


90 Pairs 


16. 5 u m 


P 1 1 


f P r 


45 Pairs 


6 5 /i m 


P 1 2 


f P r 


90 Pairs 


6 5 ii m 


P 1 3 


f P r 


45 Pairs 


6 5 /i m 



In Comparative Example 1 , to make the frequency of the series resonators 
different from the frequency of the parallel resonators, the resonant frequency of the 
parallel resonators P1 1 , P1 2, and P1 3 is fixed and the resonant frequency of the series 
resonators S1 1 and S12 is changed. Conditions for Comparative Example 1 are shown 
in Table 4. The frequency difference between the series resonators and the parallel 
resonators is also shown in Table 4. When Condition 1 is satisfied, the resonant 
frequency of the series resonators is substantially equal to the anti-resonant frequency 
of the parallel resonators. In Comparative Example 2, the frequency interval between 
the series resonators S1 1 and S12 is changed by changing the resonant frequency of 
each of the series resonators S1 1 and S1 2. Conditions for Comparative Example 2 are 
shown in Table 5. 



Table 4 





Condit- 
ion 


Resonant Frequency of 
Sll andS12 


Resonant Frequency of 
Pll,P12andP13 


Frequency 
Difference 


Comparative 
Example 1 


1 


2 0 5 3 MH z 


2 0 0 0 MH z 


5 3 MH z 


2 


2 0 5 8MHz 


2 0 0 0 MH z 


5 8 MH z 


3 


2 0 6 3 MH z 


2 0 0 0 MH z 


6 3 MH z 


4 


2 0 6 8MHz 


2 0 0 OMH z 


6 8MHz 


5 


2 0 7 3 MH z 


2 0 0 OMH z 


7 3 MH z 
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Table 5 





Condit- 
ion 


Resonant Frequency of Sll 


Resonant Frequency of SI 2 


A f 


Comparative 
Example 2 


1 


2 0 5 3 MH z 


2 0 5 3 MH z 


0 MH z 


2 


2 0 5 8 MH z 


2 0 4 8 MH z 


1 0 MH z 


3 


2 0 6 3 MH z 


2 0 4 3 MH z 


2 0 MH z 


4 


2 0 6 8 MH z 


2 0 3 8 MH z 


3 0 MH z 


5 


2 0 7 3 MH z 


2 0 3 3 MH z 


4 0 MH z 



Fig. 1 1 shows the transmission characteristics of the ladder-type surface acoustic 
wave filter 10 according to Comparative Example 1 under Conditions 1 to 5. Also, the 
reflection characteristics and the band width under Conditions 1 to 5 are shown in Fig. 
12. Here, the relationship of a 3.5dB band width is shown. 

As shown in Fig. 1 1 , due to the increased frequency difference between the 
parallel resonators and the series resonators, the entire band width is increased. 
However, a ripple (drop) is generated in the band in accordance with an increase in the 
frequency difference. Also, as shown in Fig. 12, VSWR is increased in accordance with 
an increase in the frequency difference. In other words, the characteristics are 
deteriorated. 

Also, although the 3.5 dB band width is increased initially, the band width is 
drastically reduced when the frequency difference is about 65MHz or more. This is 
because that the ripple caused in the band is about 3.5 dB. Thus, it is difficult to 
increase the band width with the arrangement of Comparative Example 1. 

Fig. 13 shows the transmission characteristics of the ladder-type surface acoustic 
wave filter 10 according to Comparative Example 2 under Conditions 1 to 5. In 
Comparative Example 2, the inductor Lp is not added to the series resonators, and the 
frequency interval Af between the series resonators S1 1 and S12 is increased, as in the 
working example. Fig. 14 shows the reflection characteristics and the band width under 
Conditions 1 to 5. As is clear from Figs. 13 and 14, the arrangement of Comparative 
Example 2 is not effective for increasing the band width, and moreover, has a tendency 
to reduce the band width. 
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In Comparative Example 3, the inductor Lp is added in parallel to the series 
resonator S1 1 , with the same arrangement as in Comparative Example 1 . Conditions 
for Comparative Example 3 are shown in Table 2. Also, the transmission characteristics, 
and the reflection characteristics and the band width of Comparative Example 3 are 
shown in Figs. 4 and 5, respectively. As shown in Fig. 4, the band width of a ladder- 
type surface acoustic wave filter according to Comparative Example 3 is narrow. 

The ladder-type surface acoustic wave filter 1 according to the working example 
will now be compared with the ladder-type surface acoustic wave filter according to 
each of Comparative Examples 1 to 3. 

As shown in Fig. 4, only a small ripple is generated in the band of the ladder : type 
surface acoustic wave filter 1 according to the working example, unlike Comparative 
Example 1 . Also, as shown in Fig. 5, although VSWR is gradually deteriorated in the 
ladder-type surface acoustic wave filter 1 according to the working example, VSWR is 
substantially constant when the frequency difference is between approximately 10 MHz 
to approximately 80 MHz and the 3.5 dB band width is increased almost linearly until 
the frequency difference is approximately 90 MHz. In other words, the advantages of 
adding the inductor Lp in parallel to the series resonator S1 are confirmed. 

Also, the surface acoustic wave filter 1 according to the working example clearly 
exhibits characteristics that are totally different from the ladder-type surface acoustic 
wave filter 10 according to Comparative Example 2. 

Also, the ladder-type surface acoustic wave filter 1 according to the working 
example provides a larger band width than that of the ladder-type surface acoustic wave 
filter according to Comparative Example 3. 

Fig. 15A shows impedance synthesis of the series resonators S1 and S2 in the 
ladder-type surface acoustic wave filter 1 according to the working example. Fig. 15B 
shows impedance synthesis of the series resonators in the ladder-type surface acoustic 
wave filter according to Comparative Example 3. Fig. 15C shows impedance synthesis 
of series resonators in a known ladder-type surface acoustic wave filter. Fig. 1 5D 
shows impedance synthesis of the series resonators in the ladder-type surface acoustic 
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wave filter 10 according to Comparative Example 2. As shown in Fig. 15A, the surface 
acoustic wave filter 1 according to the working example increases the interval between 
the resonant frequency and the anti-resonant frequency, and thus, advantageously 
increases the band width. 

Furthermore, in Comparative Example 4, a ladder-type surface acoustic wave 
filter is arranged using the same circuit parameters as in Condition 4 of the working 
example without addition of the inductor Lp. Fig. 1 6 shows the transmission 
characteristics of the ladder-type surface acoustic wave filter 1 according to the working 
example and the transmission characteristics of the ladder-type surface acoustic wave 
filter according to Comparative Example 4. As shown in Fig. 16, the attenuation at 
lower frequencies is increased in the surface acoustic wave filter 1 according to the 
working example. In other words, the addition of the inductor Lp also increases the 
attenuation at lower frequencies. 

As described above, with the arrangement of the working example, the band 
width is desirably increased without adversely effecting the reflection characteristics and 
the occurrence of a ripple in the band. Also, since the band width is increased by 
adding only an inductor in parallel with at least one series resonator of a plurality of 
series resonators in a ladder-type surface acoustic wave filter, an increase in the size of 
the ladder-type surface acoustic wave filter is prevented, which enables miniaturization 
and greatly improved performance. 

Where a plurality of series resonators connected in parallel with the inductor Lp 
each have different resonant frequencies, the average resonant frequency or a desired 
resonant frequency near the average is referred to as a resonant frequency. This is 
also applied to the resonant frequency of series resonators not connected in parallel 
with the inductor Lp, the anti-resonant frequency of series resonators connected in 
parallel with the inductor Lp, and the anti-resonant frequency of series resonators not 
connected in parallel with the inductor Lp. 
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Second Preferred Embodiment 

Although surface acoustic wave resonators are used for the ladder filter in the 
first preferred embodiment and the working example described above, the present 
invention is not limited to this. With piezoelectric thin-film resonators, a ladder filter 
according to a second preferred embodiment that achieves advantages similar to those 
of the first preferred embodiment and the working example is provided. 

Fig. 17A is an example of piezoelectric thin-film resonators arranged in a ladder 
arrangement in such a ladder filter. As shown in Fig. 1 7A, each of the piezoelectric thin- 
film resonators includes an insulating film 62 provided above an opening 61 of a support 
substrate 60 made of silicon. Each of the piezoelectric thin-film resonators also 
includes a piezoelectric thin film 64 arranged above a portion of the insulating film 62 
that faces the opening 61 such that the piezoelectric thin film 64 is sandwiched by an 
upper electrode 65 and a lower electrode 63 from above and below (in the depth 
direction of the piezoelectric thin film 64). 

Thus, each of the piezoelectric thin-film resonators includes a diaphragm 
structure in which the insulating film 62 and a portion of the piezoelectric thin film 64 that 
is sandwiched between the lower electrode 63 and the upper electrode 65 define a 
vibrating portion. The opening 61 is arranged so as to penetrate the support substrate 
60 in the depth direction. The insulating film 62 is preferably made of silicon dioxide 
(Si0 2 ) or alumina (Al 2 0 3 ) or is a multilayer structure made of Si0 2 and Al 2 0 3 . The 
piezoelectric thin film 64 is preferably made of zinc oxide (ZnO), aluminum nitride (AIN), 
and other suitable material. 

Alternatively, each of the piezoelectric thin-film resonators may be arranged such 
that, instead of providing the opening 61, a recess 66 is provided in a portion facing the 
diaphragm structure that does not penetrate the support substrate 60 in the depth 
direction is arranged in the support substrate 60, as shown in Fig. 17B. 

As shown in Fig. 18, in the ladder filter according to a preferred embodiment of 
the present invention, piezoelectric thin-film resonators 71 to 74 shown in Figs. 17A and 
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17B may be arranged, for example, in an L-shaped two-stage ladder arrangement and 
the inductor Lp may be connected in parallel with at least a series arm piezoelectric 
thin-film resonator 72. Alternatively, the ladder-type arrangement described above may 
be pi-shaped or T-shaped. 

Figs. 19 and 20 show a specific example of such a ladder filter. Wiring is 
reduced and the size of the ladder filters is thus reduced by integrating parts of an upper 
electrode 87 and a lower electrode 85 for the piezoelectric thin-film resonators 71 and 
72 on the input side when the four piezoelectric thin-film resonators 71 to 74 are 
arranged in a ladder form. 

As shown in Fig. 20, the piezoelectric thin-film resonators 72 and 74 include an 
insulating film 83 arranged above an opening 84 provided in a support substrate 82 
made of silicon. The piezoelectric thin-film resonators 72 and 74 also include a 
piezoelectric thin film 86 arranged above a portion of the insulating film 83 that faces the 
opening 84 such that the piezoelectric thin film 86 is sandwiched by an upper electrode 
87 and a lower electrode 85 from above and below (in the depth direction of the 
piezoelectric thin film 86). 

Thus, the piezoelectric thin-film resonators 72 and 74 include a diaphragm 
structure 88 in which the insulating film 83 and a portion of the piezoelectric thin film 86 
that is sandwiched by the lower electrode 85 and the upper electrode 87 define a 
vibrating portion. The opening 84 is arranged so as to penetrate the support substrate 
82 in the depth direction. The insulating film 83 is preferably made of silicon dioxide 
(Si0 2 ) 83a or alumina (Al 2 0 3 ) 83b or is a multilayer structure made of Si0 2 83a and 
Al 2 0 3 83b. The piezoelectric thin film 86 is made of zinc oxide (ZnO), aluminum nitride 
(AIN), and other suitable material. 

Third Preferred Embodiment 

A branching filter according to a preferred embodiment of the present invention 
will now be described with reference to Fig. 21 . The branching filter includes a transmit 
filter 93 connected to a transmit terminal (Tx) 95 and a receive filter 94 connected to a 
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receive terminal (Rx) 96. The transmit filter 93 is the ladder filter according to either one 
of the first and second preferred embodiments and has a transmission band as a pass 
band. The receive filter 94 is the ladder filter according to either one of the first and 
second preferred embodiments and has a reception band, as a pass band, at 
frequencies higher than the transmission band. 

Furthermore, the branching filter includes a matching circuit 92 provided with a 
capacitance element and an inductance element on the side of an antenna terminal 91 . 
The structure of the matching circuit 92 is not particularly limited. 

The branching filter according to various preferred embodiments of the present 
invention particularly including the ladder filter according to other preferred 
embodiments of the present invention for the receive filter 94 exhibits outstanding out- 
of-band attenuation characteristics near the pass band. Also, in particular, the 
branching filter according to preferred embodiments of the present invention exhibits 
outstanding characteristics which provide a large attenuation at frequencies lower than 
the pass band and a large pass band width. 

Fourth Preferred Embodiment 

A communication apparatus 600 including the ladder filter according to either one 
of the first and second preferred embodiments or the branching filter according to the 
third preferred embodiment will now be described with reference to Fig. 22. The 
communication apparatus 600 includes, as a receiver side (Rx side), an antenna 601 , 
an antenna duplexer/RF Top filter 602, an amplifier 603, an Rx inter-stage filter 604, a 
mixer 605, a 1st IF filter 606, a mixer 607, a 2nd IF filter 608, a 1st + 2nd local 
synthesizer 61 1 , a temperature compensated crystal oscillator (TCXO) 612, a divider 
613, and a local filter 614. 

Preferably, balanced signals are transmitted from the Rx inter-stage filter 604 to 
the mixer 605 for balancing, as shown by the double lines in Fig. 22. 

The communication apparatus 600 includes, as a transmitter side (Tx side), a Tx 
IF filter 621 , a mixer 622, a Tx inter-stage filter 623, an amplifier 624, a coupler 625, an 
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isolator 626, and an automatic power control (APC) 627, in addition to the antenna 601 
and the antenna duplexer/RF Top filter 602. 

The ladder filter according to either one of the first and second preferred 
embodiments is suitable for the Rx inter-stage filter 604, the 1st IF filter 606, the Tx IF 
filter 621 , and the Tx inter-stage filter 623. The branching filter according to the third 
preferred embodiment is suitable for the antenna duplexer/RF Top filter 602. 

The ladder filter according to preferred embodiments of the present invention has 
a filtering function. Moreover, outstanding out-of-band attenuation characteristics near 
the pass band are achieved. In particular, the ladder filter according to preferred 
embodiments of the present invention has outstanding characteristics which provide a 
large pass band width and a large attenuation at frequencies lower than the pass band. 
Thus, the communication apparatus according to preferred embodiments of the present 
invention provided with the ladder filter and the branching filter using the ladder filter has 
greatly improved the transmission characteristics. 

The present invention is not limited to each of the above-described preferred 
embodiments, and various modifications are possible within the range described in the 
claims. An embodiment obtained by appropriately combining technical features 
disclosed in each of the different preferred embodiments is included in the technical 
scope of the present invention. 
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